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Abstract 

Nucleotide-binding oligomerization domain 2 {N0D2) is an important innate immune sensor of bacterial pathogens. Its 
induction results in activation of the classic NF-kB pathway and alternative pathways including type I IFN and autophagy. 
Although the importance of N0D2 in recognizing RNA viruses has recently been identified, its role in sensing DNA viruses 
has not been studied. We report that infection with human cytomegalovirus (HCMV) results in significant induction of N0D2 
expression, beginning as early as 2 hours post infection and increasing steadily 24 hours post infection and afterwards. 
Infection with human herpesvirus 1 and 2 does not induce N0D2 expression. While the HCMV-encoded glycoprotein B is 
not required for N0D2 induction, a replication competent virion is necessary. Lentivirus-based N0D2 knockdown in human 
foreskin fibroblasts (HFFs) and U373 glioma cells leads to enhanced HCIVIV replication along with decreased levels of 
interferon beta (IFN-P) and the pro-inflammatory cytokine, IL8. N0D2 induction in HCIVlV-infected cells activates 
downstream NF-kB and interferon pathways supported by reduced nuclear localization of NF-kB and plRF3 in N0D2 
knockdown HFFs. Stable overexpression of N0D2 in HFFs restricts HCMV replication in association with increased levels of 
IFN-p and IL8. Similarly, transient overexpression of N0D2 in U373 cells or its downstream kinase, RIPK2, results in decreased 
HCIVIV replication and enhanced cytokine responses. However, overexpression of a mutant N0D2, 3020insC, associated with 
severe Crohn's disease, results in enhanced HCIVIV replication and decreased levels of IFN-p in U373 cells. These results show 
for the first time that N0D2 plays a significant role in HCMV replication and may provide a model for studies of HCMV 
recognition by the host cell and HCMV colitis in Crohn's disease. 
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Introduction 

Infection with human CMV (HCMV), a member of the 
herpesvirus family, is common in humans. Seroprevalence rates 
increase with age, reaching 80-90% in individuals older than 80 
years [I]. While infection in the normal host is usually 
asymptomatic, HCMV is a major pathogen in immunocompro- 
mised patients and the congenitally-infected newborns [2-4]. In 
these cohorts infection can be severe, persistent, recurrent, or 
resistant to anti-viral therapy. 

Despite being a very common pathogen, around 10-15% of 
individuals remain HCMV negative for life. HCMV seronegativity 
may reflect lack of exposure to the virus; alternatively, host 
genetics may contribute to susceptibility to HCMV infection. 
Indeed, host genetics can influence susceptibility to human 
infection and cytokine production by the innate immune system 
[5-8]. 

Mutations in signaling proteins of the innate immune system 
have been imphcated in the severity of herpesvirus infections [9]. 
The most studied group of pattern recognition receptors (PRRs) in 
the setting of HCMV infection has been the Toll-like receptors 
(TLRs). TLR2 was reported to recognize HCMV and trigger an 



inflammatory cytokine production [10,11]. CMV-encoded glyco- 
protein B (gB) and gH were shown to interact with TLR2 and 
TLRl [11]. A single nucleotide polymorphism (SNP) in TLR2 
(Arg753Gln) was associated with HCMV disease in a cohort of 
liver transplant recipients [12]. 

The role of cytosolic proteins in sensing herpesviruses is gaining 
significant research interest [13]. The cytoplasmic dsDNA sensor 
ZBPl was found important in HCMV-mediated activation of 
IRF3 and its constitutive overexpression inhibited HCMV 
replication [14]. Interferon (IFN)-inducible protein, IFI16, inhib- 
ited HCMV replication by directly blocking Spl -mediated 
transcription of HCMV genes UL54 and UL44, involved in viral 
DNA synthesis [15]. Amongst the nucleotide-binding oligomeri- 
zation domain and leucine rich repeat containing receptors 
(NLRs), NLRC5 was involved in interferon (IFN)-dependent 
anti-HCMV immune responses. Infection of human fibroblasts 
with HCMV, but not heat-inactivated virus, induced NLRC5 
mRNA within 24 h following infection and knockdown of NLRC5 
impaired the upregulation of interferon alpha (IFN-Q() in response 
to HCMV [16]. Involvement of other NLRs in innate immune 
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response to HCMV and the interaction between these receptors in 
different cell compartments has not been well-studied. 

NODI and NOD2 are the most widely studied members of the 
NLR family. These cytoplasmic receptors are highly expressed in 
monocytes, macrophages, and dendritic cells [17,18]. NODI is 
Eilso expressed in epithelial cells, and NOD2 expression can be 
induced in these cells by inflammatory signals [19]. Mutations in 
NOD2 are strongly associated with Crohn's disease, whereas 
mutations in NOD 1 have been associated with asthma and atopic 
eczema [20-22]. NODI recognizes a fragment of peptidoglycan 
(PGN) containing the dipeptide y-d-glutamyl-meso-diaminopime- 
hc acid (iE-DAP) produced by Gram-negative and some Gram- 
positive bacteria. NOD2 recognizes muramyl dipeptide (MDP), 
present on most types of PGN. Although NODI and NOD2 are 
well-established as intracellular sensors of bacteria [17,21,23-28], 
recent studies showed that RNA viruses can also activate NOD2 
[29,30]. NOD2 activation by Respiratory Syncytial Virus (RSV) 
resulted in its relocalization to the mitochondria and binding to the 
mitochondrial antiviral-signaling protein (MAVS), a process that 
was independent of the NOD2 downstream kinase, RIPK2, and 
resulted in activation of IRF3 and MAVS [29]. The coiitril)ution 
of NODI and NOD2 to herpesvirus infections has not been 
studied. 

Materials and Methods 

Ethics Statement 

Clinical isolates of HCMV and herpesvirus 2 (HSV2) were 
obtained from the microbiology laboratory at Johns Hopkins 
Hospital with no identiliers that could be linked to a patient. The 
Johns Hopkins School of Medicine Office of Human Subject 
Research Institutional Review Board (IRB-X) determined that the 
research qualified for an exemption. 

Cell culture and Viruses 

Human Foreskin Fibroblasts (HFFs) passage 12-16 (ATCC, 
CRL-2088) and U373 glioma cells (provided by Dr. Gary 
Hayward, Johns Hopkins Medical Institutions [31]) were grown 
in Dulbecco's Modified Eagle Medium (DMEM) containing 10% 
fetal bovine serum (FBS) (Gibco, Carlsbad, CA) in a 5% CO2 
incubator at 37°C and used for infection with several HCMV 
strains. One day prior to infection, 8x10* HFFs or U373 cells 
were seeded on each well of 12-well tissue culture plates. Infection 
was carried out at multiplicity of infection of 1 PFU/cell (MOI = 1) 
unless otherwise specified. The pp28-luciferase HCMV Towne 
strain which expresses lucif -rase under the control of pp28 late 
promoter has been described and was shown to correlate weU with 
tiie classic plaque assay [32]. HCMV strain TB40 with the UL32 
gene fused to GFP was obtained from ATCC (VR-1578). Clinical 
isolates of HCMV and HSV2 were obtained from the microbi- 
ology laboratory at Johns Hopkins Hospital with no identifiers that 
could be linked to a patient. A luciferase-tagged HSVl (KOS/ 
Dlux/ oriS) was provided by Dr. David Leib, Dartmouth Medical 
School. 

Ultraviolet (UV) inactivation of HCMV 

HCMV was UV inac:tivated by spreading a thin layer of stock 
suspension in an uncovered six-well tissui; culture plate and 
exposing to a total dose of 720 nij/cm^ in a UV crosshnker 
(Spectrohnker XL-1000, Spectronics, Westbury, NY) [33]. Lucif- 
erase activity was measured in cell lysates of UV inactivated 
HCMV- infected HFFs 72 hours post infection (hpi), to quantify 
the level of inactivation. Luciferase units measured from the UV- 



inactivated HCMV were similar to those measured in the negative 
control wells, confirming near-complete virus inactivation. 

Chemicals and proteins 

MDP was obtained from Sigma Chemicals, (St. Louis, MO) and 
dissolved in PBS to prepare a stock of 10 mg/ml. Recombinant 
HCMV gB was purchased from DevaTal Inc. (Hamilton, NJ). 

Plasmids, transfections and virus replication assays 

U373 ceUs were transfected with the following plasmids using 
Lipofectamine 2000 (Invitrogen, Carlsbad, CA): Human RIPK2 
(pcDNA4/HisMax-hRIPK2), human NOD2 (pcDNA4/Hismax- 
hNOD2) and control pcDNA4/HisMax, (kindly provided by Dr. 
Michael Davey, Oregon Health and Science University). A 
pcDNA4-EGFP plasmid was used as additional control. NOD2 
3020insC cDNA was PGR amplified from 3020insC-pEF6V5 
plasmid (provided by Dr. Jurgen Harder, University Hospital 
Schleswig-Holstein, Campus Kiel, Germany) and subcloned into 
BamHl and Xhol site of pcDNA4/HisMax plasmid to generate 
pcDNA4/HisMax-hNOD2 3020insC construct. For amplification 
of NOD2 3020insC cDNA the following primers were used: 5' — 
GGATCCA TGGGGGAAGAGGGTGGTTC- 3' (Forward) and 
5'- CTCGAG TCAAAGCAAGAGTCTGGTGTCCC- 3' (Re- 
verse). Restriction enzyme sites are underlined. The PCR protocol 
included preheating at 98°C for 30 s, followed by 35 cycles of 
98°C (10 s), 60°C (30 s) and 72"C (2 min). PCR products were 
purified, cleaved by BamHl and Xhol and ligated into BamHl 
and Xhol cleaved pcDNA4/HisMax plasmid. The sequence of 
developed constructs was confirmed by DNA sequencing at the 
synthesis and secjuencing facility, Johns Hopkins University. 

Transient transfections of U373 cells were performed in 12-weU 
plates with 1 (tg/weU of each plasmid using Lipofectamine 2000. 
After overnight transfection media were changed and cells were 
allowed to grow for another 24 hours before infection with pp28- 
luciferase HCMV. Luciferase activity (a measure of late HCMV 
gene expression) ^\-as dc'termined at 96 hpi. We reported that the 
pp28-luciferase assay correlates well with plaque reduction [32]. 
DNA rephcation in HCMV-infected U373 cells and virus DNA 
yield in supernatants from LJ373 were measured using real-time 
PCR as previously below [34] . Virus DNA yield in supernatants 
from HCMV-infected HFFs were measured using real-time PCR. 
Virus DNA yield was also measured in supernatants of fresh HFFs 
after second cycle infection using supernatants from NOD2 
knockdown and NOD2 control HFFs. 

Generation of recombinant lentiviral vectors and 
establishment of stable cell lines 

Stable cell lines overexpressing human NOD2 and control 
plasmids were generated using a doxycycline-inducible TRIPZ 
lentiviral vector (Open Bio.systems, HuntsviUe, AL). The pMACS 
Kk hNOD2 HA(C) vector encoding full length human NOD2 
(provided by Dr. Atsushi Kitani, NIAID/NIH) was used to 
prepare NOD2-TRIPZ expression constructs. NOD2 cDNA was 
subcloned into Agel and Mlul sites of pTRIPZ vector to create 
pTRIPZ-NOD2 construct. NOD2 cDNA was amplified by PCR 
using the following primers: ,5'-GGGATCCACCGGTCCAC- 
CATGGGGGAAGAG-3' (Forward) and 5'-GGGATCCACGC- 
GTTCATTAAGCGTAGTCTGGGACGTC-3' (Reverse). Fol- 
lowing preheating at 98°C for 30 s, the conditions used for PCR 
were, 98°C (10 s), 55°C (30 s), 72°C (2 min), for 35 cycles. PCR 
products were purified, digested with Agel and Mlul, and ligated 
to pTRIPZ vector to generate hNOD2-TRIPZ construct. The 
sequence of the new constructs was confirmed by DNA 
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sequencing. hNOD2-TRIPZ and TRJPZ control empty vector 
were packaged using lentivirus, as described below for the 
knockdown procedure. To generate stable HFF cell lines 

expressing hNOD2 or control plasmid, the lentivirus particles 
were transduced into HFFs. 0.5x10 cells were plated onto T-25 
flask, and 40 |tl of concentrated virus and Polybrene at final 
concentration of 8 Jig/ ml were added to the cells, and incubated 
for 4 h. 48 h following transduction puromycin (2 Hg/ml) 
containing media was added to culture flasks to select for stably 
transduced cells. NOD2 over-expressing and control cells were 
counted and an equal number of cells was seeded into each well 
prior to infection. An MTT assay (Sigma-Aldrich, St. Louis, MO) 
was performed to rule out cell toxicity following 48 h doxycyhne 
induction. After the addition of 20 itl/well of MTT (3-(4,5- 
Dimethyl-2-thiazolyl)-2,5-diphenyl-2H-tetrazolim bromide) 
(5 mg/ml in PBS), and shaking at 150 rpm for 5 minutes the 
plates were incubated at 37°C for 3 hours. Conversion of yellow 
solution to dark blue formazan by mitochondrial dehydrogenases 
of living cells was quantified by measuring absorbance at 560 nM. 

Lentivirus-mediated Knockdown (KD) of N0D2 

Human GIPZ lentiviral shRNAmir constructs (Open Biosys- 
tems) were used for NOD2 KD in U373 and HFFs. Four clones 
(clone id: V2LHS_225438, V3LHS_11832, V3LHS_365839, and 
V3LHS_365841) targeting different regions of NOD2 mRNA 
were tested for KD efficiency, and the clone with the best KD 
efficiency was selected to generate stable cell lines. GIPZ non- 
targeting control plasmid was used to rule out non-specific effects 
of shRNAmir constructs. Individual shRNAmir constructs were 
packaged using lentivirus as described [35]. Briefly, 21 |tg of gag/ 
pol, 7 |lg of vesicular stomatitis virus glycoprotein, and 7 \lg of 
shRNAmir plasmids were transfected into HEK293 cells using 
calcium phosphate method. After 48 h the packaged lentivirus 
particles were concentrated from the medium. The supernatant 
was filtered and centrifuged at 1 750 g for 30 min at 4°C in 
Amicon Ultra (Ultracel 100 k, Millipore). After centrifugation, 
2 ml of cold PBS was added and the tubes were centrifuged again 
for 20 min at 4°C. The concentrated virus was stored at — 80°C 
until used. Lentivirus particles containing shRNAmir were 
transduced into HFFs or U373 cells. 0.5x10*' cells were plated 
onto T-25 flask and 40 |il of concentrated virus and polybrene 
(final concentration, 8 |ig/ml) were added to the cells, and 
incubated for 4 h. Following transduc tion puromycin (2 |lg/ml) 
was added to select for stably transduced cells. Control HFFs and 
NOD 2 KD HFFs were counted and equal number of cells was 
plated into each well prior to infection. 

RNA isolation and real time quantitative reverse 
transcriptase (qRT) PCR 

Total RNA was isolated from cultured cells using RNeasy Mini 
kit (Qiagen, Georgetown, MD) according to manufacturer's 
instructions. RevertAid first strand cDNA synthesis kit (Fermentas 
life sciences, Cromwell Park, MD) was used to synth(-sizc first 
strand cDNA from total RNA using oligo-dT primers. Negative 
reverse-transcriptase (-RT) reactions were included to ensure the 
specificity of qRT-PCR reactions. Synthesis of first strand cDNA 
from mRNA template was carried out at 42°C for 1 h. 
Quantitative RT-PCR (qRT-PCR) was performed using speciSc 
primers and SYBER green (Fermentas hfe science) with two-step 
cycUng protocol (95°C for 15 s, 60°C for 1 min). Reactions were 
performed in triplicates and GAPDH was used as internal control. 
mRNA levels in HCMV-infected cells were normalized to the 
mRNA produced in non-infected HFFs in addition to the internal 



normalization of each sample to GAPDH. The primers and gene 
targets appear in Table 1. 

Real-time PCR 

HCMV DNA replication in cells and virus DNA yield in 
supernatants were quantified using a real-time PCR of the highly 
conserved US 17 as previously described [32,36]. 

SDS-polyacrylamide gel electrophoresis and immunoblot 
analysis 

Cell lysates containing equivalent amount of proteins were 
mixed with an equal volume of sample buffer (125 mM Tris-HCL, 
pH 6.8, 4% SDS, 20% glycerol and 5% /J-mercaptoethanol) and 
boiled at 100°C for 10 min. Denatured proteins were resolved in 
Tris-glycine polyacrylamide gels (10-12%) and transferred to 
polyvinylidine difluoride (PVDF) membranes (Bio-Rad Laborato- 
ries, Hercules, CA) by electroblotting. Membranes were incubated 
in blocking solution [5% non-fat dry milk and 0.1% Tween-20 in 
PBS (PBST)] for 1 hr, washed witii PBST, and incubated with 
antibody at 4°C overnight. Membranes were washed with PBST 
and incubated with horseradish peroxidase-conjugated secondary 
antibodies in PBST for 1 hr at room temperature. Following 
washing with PBST, protein bands were visualized by chemUu- 
minescence using SuperSignal West Dura and Pico reagents 
(Pierce Chemical, Rockford, IL). Antibodies for HCMV included: 
mouse anti- human CMV lEl & IE2 (MAB810) (Millipore, 
Billerica, MA, 1:2,000), mouse anti-human CMV UL83 (pp65) 
(Vector Laboratories Inc., Burlingame, CA, 1:2,000), mouse anti- 
human CMV UL44 (10E8), mouse anti-human fi-actin (Sigma, 
1:5,000). For detecting NOD2, mouse anti-human NOD2 (2D9) 
antibody (Novus Biologicals, Littieton, CO, 1:2000) and rabbit 
anti human-NOD2 (H-300) antibody (Santa Cruz Biotechnology 
Inc, Santa Cruz, CA, 1:2000) were used. Mouse anti-NF-tcB (p65, 
Sc-8008), rabbit anti-IRF3 antibody (FL-425, Sc-9082) (Santa 
Cruz biotechnology Santa Cruz, CA, 1:2,000), and rabbit anti- 
Histone H3 (D1H2, #4499) antibody (Cell Signaling Technology, 
1:2000) were used for detection of these proteins in cytoplasmic 
and nuclear extracts. 

Preparation of cytosolic and nuclear extracts 

Cytoplasmic and nuclear fractions were isolated from HFF- 
shNOD2 and HFF-control cells as previously reported with minor 
modifications [37]. Extracts were prepared from HCMV-infected 
or mock-infected cells at 24 hpi. Briefly, cells were washed twice 
with ice-cold phosphate-buffered sahne (PBS) and resuspended on 
ice for 15 min in buffer A containing 10 mM HEPES (pH 7.9), 
10 mM KCl, 0.1 mM EDTA, 1 mM dithiothreitol (DTT), 
protease and phosphatase inhibitors. Cells were then lysed by 
adding 0.1% NP40 and cytosolic supernatants were obtained by 
centrifugation at 10,000 rpm for 30 sec. Crude nuclei were 
washed twice with buffer A to prevent cytosolic contamination, 
and the nuclear proteins were extracted by resuspending cell 
pellets with buffer C containing 20 mM HEPES (pH 7.9), 
400 mM NaCl, 1 mM EDTA, 1 mM DTT, protease and 
phosphatase inhibitors. The mixture was incubated for 15 min 
with vigorous shaking on rocker at 4°C and then centrifuged at 
14,000 rpm at 4°C for 10 min to obtain the nuclear proteins. 
Protein concentration was determined using BCA protein assay 
reagent kit (Pierce Chemical, Rockford, IL). 

ELISA 

Human interferon |3 (IFN-P) specific ELISA kit (PBL Inter- 
feronSource) was used to measure levels of secreted IFN-P from 
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Table 1. Primers used for qualitative and quantitative real-time PGR. 





Gene 


Forward 


Reverse 


NODI 


5 ■ -CCTAG AC A AC A ACAATCTCAACG ACTA-3 ' 


5 ■ -TTTACCCC ACCGTCAGTG ATC-3 ' 


N0D2 


5 '-GCCACGGTG AAAGCG AAT-3 ' 


5 '-GG AAGCG AG ACTG AGCAGACA-3 ' 


IL8 


5'-TGCAGCTCTGTGTGAAGGTGCAGT-3' 


5 '-CAGTGTGGTCCACTCTCAATCACTC-3 ' 


IFN-p 


5 '-G ATTCATCTAGCACTGGCTGG-3 ' 


5 '-CTTCAGGTAATGCAG AATCC-3 ' 


ISG15 


5'-GCT CCA TGT CGG TGT CAG AG-3' 


5'-CTC GAA GGT CAG CCA GAA CAG-3' 


Viperin 


5'-CAA GAG GAG AAA GCA GCA GC-3' 


5'-CAG GAG ATA GCG AGA ATG TCC-3' 


GAPDH 


5'-TTGGTATCGTGGAAGGACTC-3' 


5'- ACAGTCTTCTGGGTGGCAGT-3' 


GAPDH (RT) 


5'-CAAGGTCATCCATGACAACTTTG-3' 


5 '-GTCCACCACCCTGTTGCTGTAG-3 ' 



doi:1 0.1 371 /journal.pone.0092704.t001 



HFF-control and HFF-NOD2 overexpressing cells according to 
manufacturer's instructions. 

Yield Assay 

Human lung fibroblast cells, MRC5, (Diagnostic Hybrids, 
Athens, OH, 51-0600) were used to perform a virus yield assay. 
Cells were seeded into 12 well plates (2x10' cells/well) and 
infected using cell free supernatants collected 3 days post infection 
(dpi) from HCMV-infected HFF-GIPZ (control) or HFF-shNOD2 
cells (second cycle infection). After 90 minute adsorption, media 
were aspirated, and DMEM containing 0.5% carboxymethyl- 
ceUulose and 4% fetal bovine serum (FBS) were added into 
duplicate cells. After incubation at 37°C for 8 days the overlay was 
removed and plaques were counted after crystal violet staining. 



Infection with Herpesvirus (HSV1 and HSV2) does not 
induce N0D2 

To determine whether NOD2 could be induced by other 
herpesviruses, HFFs were infected with herpesvirus IKOS/Dlux/ 
oris and a clinical isolate of HSV-2 at MOI of 1 and 0.1, 
respectively. NOD 1 and NOD2 transcripts were quantified at 2, 4, 
6, 8 and 24 hpi in HSV-1 infected HFFs using qRT-PCR. There 
was no significant change in NODI expression between non- 
infected and HSVl -infected HFFs (Fig. SI A). NOD2 was agam 
undetectable in non-infected HFFs, but was not induced after 
infection with HSVl. Similarly, there was no significant increase 
in NODI expression in HSV2 -infected HFFs at 4 and 24 hpi as 
compared to non-infected HFFs (Fig. SIB) and NOD2 was 
undetectable in both non-infected and HSV2-infected HFFs. 



Statistical Analysis 

Data were expressed as mean ± SD of three or more 
independent experiments. The data were analyzed by one-way 
ANOVA comparisons between different groups with significance 
value set at P<0.05. 

Results 

HCMV infection results in significant induction of N0D2 
expression 

mRNA levels of NODI and NOD2 were measured by qRT- 
PCR in HCMV-infected HFFs. The foUowing HCMV strains 
were used for infection of HFFs at MOI of 1 PFU/cell: the 
laboratory-adapted strain, Towne, the endotheliotropic TB40- 
GFP strain (ATCC VR-1578), and a clinical isolate of HCMV. 
Infection with all three viruses (Towne, TB40 and a clinical isolate) 
resulted in robust induction of NOD2 transcripts at 12 and 
72 hours post infection (hpi), while in non-infected HFFs NOD2 
mRNA was undetectable (Fig. 1 A, B and C). Treatment of non- 
infected HFFs with MDP, a positive control for NOD2 induction 
[38], resulted in two fold induction of NOD2 expression at 12 h, 
and a potent NOD2 induction (1400-fold) at 72 h (Fig. ID). 
Similarly, infection of U373 glioma cells with Towne HCMV 
resulted in significant upregulation of NOD2 at 72 hpi (Fig. IE). In 
contrast to NOD2, NODI was already expressed in non-infected 
HFFs, and there was a modest increase (~3-7 fold) in NODI 
transcripts at 12 and 72 hpi (Fig. lA-E), depending on the HCMV 
strain and cell type used. NOD2 protein was upregulated in 
HCMV-infected HFFs at 48 and 72 hpi (Fig. IF) and its 
expression was MOI dependent (Fig. IG). 



N0D2 is induced early after HCMV infection 

To understand the kinetics of NOD2 induction early after 
HCMV infection a time-course experiment was performed in 
HFFs. NODI and NOD2 transcripts were quantified starting from 
the time of HCMV infection and then at 2, 4, 6, 8, and 24 hpi 
(Fig.2 A, B). MDP was used as positive control for NOD2 
induction. Upregulation of NOD2 mRNA was observed as early 
as 2 hpi and increased significantly at 24 hpi. NOD2 transcripts 
remained elevated at 72 hpi (Fig. 1 A-C). A modest increase in 
NODI transcripts (up to 5-fold) was observed at 24 hpi. 

Glycoprotein B alone cannot induce N0D2 expression 

Since HCMV-encoded gB was reported to bind to and activate 
TLR2 we tested whether it was required for NOD2 induction 
[10]. HFFs were treated with purified HCMV gB protein (5 |ig/ 
ml or 20 |ig/ml, DevaTal, Hamilton, NJ) and levels of NODI and 
NOD2 were measured at 24 and 72 hpi using qRT-PCR. Levels 
of NODI were unchanged in untreated vs gB-treated HFFs. 
Treatment with gB alone did not induce NOD2 transcripts 
(Fig. 3A), but interferon inducible gene 15 (ISO 15) and viperin 
were induced by gB. 

UV-inactivated virus is unable to induce N0D2 

To determine whether an intact HCMV genome was essential 
for NOD2 induction a UV-inactivated virus which could bind to 
the cells but could not replicate was used. The UV-inactivated 
virus did not induce NOD2 or NODI expression, suggesting an 
intact HCMV genome was required for induction of NOD2 
(Fig. 3B). IL8 was induced (6-8 fold) using the UV-inactivated 
HCMV at 4 hpi, more efficiently than its induction by HCMV, in 
agreement with previous reports that suggested the induction of 
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Figure 1. HCWIV infection induces NOD2 mRNA and protein in HFFs and U373 cells. A. HFFs were infected witin HCMV Towne strain and 
levels of NODI, N0D2 and Glyceraldehyde 3-phosphate dehydrogenase (GAPDH) mRNAs were measured by qRT-PCR at indicated time points. B. 
HFFs were infected with HCMV-TB40 and levels of NODI, N0D2 and GAPDH mRNAs were measured by qRT-PCR at indicated time points. C. HFFs 
were infected with a clinical isolate of HCMV and levels of NODI, N0D2 and GAPDH mRNAs were measured by qRT-PCR at indicated time points. D. 
HFFs were treated with IVIDP (10 ng/ml) and levels of NODI and N0D2 mRNA were measured as in A, B and C, E. U373 glioma cells were infected 
with HCIVIV Towne strain and levels of NODI, N0D2 and GAPDH mRNAs were measured by qRT-PCR at indicated time points. F. HFFs were infected 
with HCIVIV (Towne) at MOI of 1 PFU/cell and levels of N0D2 protein and p-actin were determined 48 and 72 hpi. G. HFFs were infected with HCMV 
(Towne) strain at MOI of 0.03 or 3 PFU/cell and levels of N0D2 protein and p-actin were determined at 48 hpi. Quantitative data represent mean 
values (±SD) of triplicate determinations from three independent experiments (*p<0.05, **p<0.01, ***p<0.001, one-way ANOVA test). 
doi:1 0.1 371 /journal.pone.0092704.g001 



IL8 mRNA could be prevented by newly .synthesized viral gene 
products [39]. 

Overexpression of N0D2 results in decreased HCMV 
replication and enhanced antiviral and pro-inflammatory 
cytokine responses 

HCMV induces multiple cellular genes to achieve efficient 
replication. We hypothesized that if NOD2 had a role in HCMV 
recognition and was not simply an induced gene amongst many 
other cellular genes, then its overexpression or KD would result is 
restricted or enhanced virus replication, respectively, along with 
changes in antiviral and pro-inflammatory cytokine responses. 
U373 glioma cells were initially used for transfections because the 
efficiency of transient transfection followed by HCMV infection in 
these cells was found to be high. Cells were transfected with 
human pcDNA4/HisMax-NOD2 or the pcDNA4/HisMax- 
RIPK2 (a critical kinase downstream of NOD2) plasmids and 

A HCMV-Tow/ne IVIDP 



024 68 24 h0 2 24 h 




NODI 
NOD2 
GAPDH 



B HCMV-Towne MDP 




02468 24 h 02 24 h 



Figure 2. Kinetics of NOD1 and NOD2 transcripts in HCMV- 
infected cells. A. B. HFFs were infected with HCMV Towne strain or 
treated with MDP (10 |xg/ml) and levels of NODI, N0D2 and GAPDH 
mRNAs were measured by RT-PCR (A) and qRT-PCR (B) at indicated time 
points. The data shown are the average of three experiments ± SD 
(*p<0.05, **p<0.01, ***p<0.001, one-way ANOVA test). 
doi:1 0.1 371/journal.pone.0092704.g002 



control plasmids pcDNA4/HisMax and pcDNA4-EGFP. 24 h 
following transfection cells were infected with HCMV at MOI = 1 
and luciferase activity was measured at 72 hpi. NOD2 overex- 
pression resulted in ~7Q% reduction of pp28 gene expression 
(Fig. 4A), consistent with significant inhibition of HCMV 
rephcation. In NOD2-transfected HCMV-infected cells the 
expression of HCMV immediate early 2 (IE2) and the early 
protein UL44 were significandy reduced as compared to control 
pcDNA4-transfected HCMV-infected cells. The expression of the 
late HCMV protein pp65 was completely undetectable in NOD 2 
overexpressing cells (Fig. 4B). Overexpression of RIPK2 resulted 
in significant inhibition of pp28-luciferase activity and pp65 
expression, suggesting the effect of NOD2 in HCMV-infected cells 
may involve at least in part RIPK2 activity. Overexpression of 
NOD2 and RIPK2 was confirmed by western blot using anti- 
NOD2 and anti-RIPK2 antibodies, respectively (Fig. 4B). Levels of 
IFN-(3 and the inflammatory cytokine IL8 were measured by 
qRT-PCR in NOD2-, RIPK2- and control pcDNA4 plasmid- 
transfected cells. There was approximately ten- and three-fold 
increase in expression of IFN-fi in NOD2 and RIPK2-overex- 
pressing-HCMV infected cells as compared to HCMV infected 
cells transfected with pcDNA4 plasmid (Fig. 4C) at 72 hpi. Levels 
of IL8 mRNA were upregulated by approximately five- and three- 
fold in NOD2 and RIPK2-overexpressing-HCMV infected cells as 
compared to HCMV-infected cells transfected with pcDNA4 
control plasmid (Fig. 4D) at 72 hpi. These results suggest that the 
effects of NOD2 on HCMV may involve both IFN-|3 and IL8. 

To further understand the role of NOD2 in regulating HCMV 
rephcation, an inducible lentiviral pTRIPZ-based vector overex- 
pressing HA-tagged NOD2 was generated in HFFs (HFF-NOD2). 
HFFs overexpressing control pTRIPZ empty vector (HFF-control) 
were also generated. NOD2 expression was confirmed by western 
blot analysis, performed after 48 h induction with doxycycline, 
and using anti-HA antibody (Fig 4E). P-Actin was used as a 
loading control. HCMV replication was next measured in HFF- 
NOD2 and HFF-control cells. Doxycycline (2 |Xg/ml) induction 
was performed 24 h before infection with HCMV pp28-luciferase 
at an MOI of 0.5. Cells were counted and equal number of cells 
from each condition was seeded into wells prior to infection. To 
rule out potential toxicity secondary to induction, a MTT assay 
was performed 48 h after doxycycline induction and revealed no 
effect on cell viability. Cell-free supernatants were collected from 
infected HFFs-NOD2 and infected HFFs-control cells 4 days post 
infection (dpi) and were used for a second cycle infection of fresh 
HFFs at equivalent volumes. HCMV replication was then 
measured in the newly-infected HFFs using pp28-luciferase, virus 
DNA yield in supernatants of newly- infected HFFs and by western 
blots for HCMV proteins lEl, UL44 and pp65 (Fig. 4F, G). At 
least 80% decrease was observed in luciferase expression and virus 
DNA yield in the second cycle of newly-infected HFFs using 
supernatants from HFF-NOD2 as compared to HCMV replica- 
tion in newly-infected HFFs using supernatants from HFF-control 
cells, suggesting NOD2 induced a cellular immune state that was 
refractory to HCMV replication. Similarly, there was a significant 
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Figure 3. HCMV-encoded glycoprotein B (HCMV-gB] and UV-inactivated virus cannot induce NOD2. A. Left- IHFFs were treated witli 
recombinant HCMV-gB (5 |ig/ml) for 24 h and 72 h and levels of NODI and N0D2 mRNA were measured by qRT-PCR. Right- HFFs were treated with 
recombinant HCMV-gB (5 i^g/ml or 20 ng/ml) for 24 h and levels of N0D2, ISG15 and viperin mRNA were measured by qRT-PCR. B. HFFs were 
infected with HCIVIV Towne or a UV-inactivated HCMV Towne for 2, 4, and 24 h and levels of NODI and N0D2 mRNA were measured by qRT-PCR. IL8 
levels were measured as control at 4 hpi. Quantitative data represent mean values (±SD) of triplicate determinations from three independent 
experiments (*p<0.05, **p<0.01, ***p<0.001, one-way ANOVA test). 
doi:1 0.1 371/journal.pone.0092704.g003 



decrease in the expression of lEl, UL44 and pp65 in HFFs 
infected with supernatants from HFF-NOD2 transduced cells as 
compared to HFF-control cells . The observed changes in HCMV 
replication were associated with changes in the transcripts of IFN- 
P and IL8, measured at 96 hpi in HFF-NOD2 and HFF-control 
cells (first cycle). There was approximately two and three-fold 
increase in the expression of IFN-P and IL8 mRNA, respectively, 
in HFFs-NOD2 as compared to HFFs-control (Fig. 4H,J). Levels 
of IFN-P protein secreted into the media from non-infected and 
HCMV-infected-HFFs-control and HFFs-NOD2 were also mea- 
sured at 24 hpi using human IFN-P specific ELISA kit. There was 



approximately five-fold increase in the levels of secreted IFN-P in 
HCMV infected-HFFs-NOD2 as compared to HCMV infected- 
HFFs-control (Fig. 41). In non-infected HFFs-NOD2 the induction 
of IFN-P and IL8 was similar to that observed in control HFFs 
(Fig. 4H-J). 

N0D2 knockdown (KD) results in enhanced HCMV 
replication and decreased levels of cytokines 

A short hairpin (shRNA) pGIPZ lentivirus system was used to 
KD NOD2 expression in the two cell lines: HFFs and U373 cells. 
NOD2 mRNA levels were decreased by approximately 75% at 
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Figure 4. Overexpression of NOD2 restricts HCMV replication and induces antiviral and pro-inflammatory cytokines. A. U373 cells 
were transiently transfected with pcDNA4/HisMax, pcDNA4/EGFP, pcDNA4/HisMax-hNOD2 or pcDNA4/HislVlax-hRIPK2 plasmid. 24 h after 
transfection cells were infected with pp28-luciferase HCMV. Luciferase activity was measured in cell lysates at 72 hpi. B. Cell lysates from 4A 
were used to determine protein expression of HCMV-immediate early (IE1/IE2), early (UL44), and late (pp65) genes. Levels of N0D2 and RIPK2 
proteins were measured to confirm N0D2 overexpression; (J-actin served as loading control. Western blot data are representative of three 
independent experiments. Asterisks (*) denote endogenous N0D2 and R1PK2 proteins. C-D. U373 cells were transiently transfected with pcDNA4/ 
HisMax, hN0D2 or hRIPK2 plasmid. 24 h after transfection cells were infected with HCIVIV Towne and total RNA was isolated at 72 hpi. Levels of IFN-|3 
and IL8 mRNAs were measured by qRT-PCR in non-infected (mock) and HCMV-infected (HCMV) cells. E. HFFs stably expressing empty vector (HFF- 
control) or HA-tagged N0D2 (HFF-N0D2) were either untreated or treated with 2 ng/ml doxycycline and expression of N0D2 was determined at 48 h 
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using anti-HA antibody. F. HFFs stably expressing empty vector (control) or N0D2 (HFF-N0D2) were induced with doxycycline for 24 h followed by 
infection with HCMV Towne. Cells were incubated in doxycycline containing media and cell-free supernatants were collected at 96 hpi. Virus progeny 
released into the supernatants were quantified after infection of fresh HFFs (second cycle) with equal amount of supernatants from control or N0D2- 
overexpressing HFFs using luciferase assay at 3 dpi (Y-axis on left, in blue) and by real-time PCR (Y-axis on right, in red) in the supernatants of newly- 
infected HFFs (Fig. 4F). Viral protein expression was determined in newly-infected HFFs at 3 dpi (Fig. 4 G). H, J. Levels of IFN-p and IL8 mRNAs were 
determined in HFFs-control or HFF-N0D2 cells using qRT-PCR at 96 hpi. I. Levels of IFN-p secreted into the media from HFF-control and HFF-N0D2 
cells (first cycle of infection) were measured at 24 hpi using IFN-p ELISA kit. The data shown are the average of three experiments ± SD (*p<0.05, 
**p<0.01, ***p<0.001, one-way ANOVA test). 
doi:1 0.1 371 /journal.pone.0092704.g004 



72 h in non-infected and HCMV-infected (MOI = 1) NOD2-KD 
HFFs (HFF-shNOD2) compared to control shRNA (HFF-GIPZ) 
transduced cells (Fig. 5A). Supernatants from infected HFF- 
shNOD2 and HFF-GIPZ cells were collected at 96 hpi and used to 
infect fre.sh HFFs (second cycle). Luciferase activity, measured in 
the newly-infected cells at 72 hpi (a measure of infectious progeny 
released after single cycle infection), was increased by approxi- 
mately 10-fold in HFF-shNOD2 cells compared to infected HFF- 
GIPZ control cells (Fig. 5B). Cell-free supernatants collected from 
HCMV infected-HFF-GIPZ and HFF-shNOD2 cells at 3 dpi were 
used for virus yield assay. There was approximately 4-fold increase 
in the number of plaques in cells infected with supernatants from 
HFF-shNOD2 cells as compared to the cells infected with 
supernatants from HFF-control cells (Fig. 5C). IFN-P mRNA 
levels measured in cell lysates were significantly reduced in 
HCMV infected HFF-shNOD2 cells as compared to infected 
HFF-GIPZ cells after 72 h (Fig 5D). There was a modest decrease 
in IL8 transcripts in HCMV infected HFF-shNOD2 cells as 
compared to infected HFF-GIPZ cells after 72 h (Fig 6E). NOD2- 
KD in U373 cells showed a similar pattern of enhanced virus 
replication and decreased cytokine responses to that observed in 
HFFs, suggesting this is an important mechanism for controlling 
HCMV rephcation. 

In NOD2-KD U373 cells (U373-shNOD2) NOD2 mRNA 
levels were decreased by approximately 'SO'Va at 72 h in both non- 
infected and HCMV-infected (MOI = 1) cells (Fig. S2A) compared 
to control shRNA (U373-GIPZ) expressing cells. HCMV pp28- 
luciferase expression (measured at 96 hpi), HCMV DNA 
replication (measured at 48 hpi), and virus DNA yield in 
supernatants (measured at 96 hpi) from U373-shNOD2 cells and 
control U373-GIPZ revealed a significant increase in HCMV 
replication in the U373-shNOD2 cells (Fig. S2B): there was a 9- 
fold increase in virus DNA yield, 6-fold increase in DNA 
replication and 5-fold increase in luciferase activity. Quantification 
of mRNA expression of IFN-P and IL8 revealed a 3.5-fold 
decrease of IFN-P and 2-fold decrease in IL8 in U373-shNOD2 
ceUs as compared to U373-GIPZ ceUs (Fig. S2C, D). 

Overexpression of N0D2 mutant (3020insC) results in 
increased HCIVIV replication 

The frameshift substitution at amino acid 1007 in the NOD2 
gene stems from an insertion mutation resulting in a truncated 
NOD2 and impairing its ability to recognize microbial compo- 
nents. Patients with Crohn's disease that are homozygous for 
3020insC demonstrate a much more severe disease phenotype 
[40]. Since NOD2 KD and its overexpression in HFFs and U373 
showed similar effects on HCMV replication and antiviral 
responses we tested the effect of NOD2 3020insC mutant on 
HCMV replication in U373 cells. While overexpression of wild- 
type NOD2 resulted in significantly reduced HCMV replication, 
overexpression of the NOD2 mutant 3020insC in U373 resulted in 
increased virus replication (Fig. 7 A). The expression of NOD 2 
3020insC was confirmed by western blot (Fig. 7B). IFN-P 
transcripts were measured in infected U373 cells transfected with 



pcDNA4, NOD2 or NOD2 3020insC mutant, demonstrating the 
IFN-P levels were not increased in cells transfected with the 
NOD2 3020insC, while induced upon transfection with the wild- 
type NOD2 (Fig. 7C). 

N0D2 rescue in KD-cells restores the ability to restrict 
HCIVIV replication 

U373 cells stably expressing control GIPZ shRNA (U373-GIPZ) 
or NOD2 shRNA (U373-shNOD2) were transiently transfected 
with either control plasmid (pcDNA4/HisMax) or a plasmid 
expressing NOD2-cDNA (pcDNA4/HisMax-NOD2). Twenty 
four hours following transfection, cells were infected with HCMV 
and luciferase activity was measured at 96 hpi. As shown in Fig. 
S2B, enhanced HCMV replication was observed in U373- 
shNOD2 cells as compared to virus replication in control U373- 
GIPZ cells, while overexpression of NOD2 resulted in significant 
decrease in HCMV replication. Transfection of the NOD2 gene 
into NOD2-KD U373 ceUs restored NOD2 function and resulted 
in restriction of HCMV replication, clearly demonstrating the 
specific role of NOD2 in HCMV replication (Fig. 7B). However, 
rescue of NOD2 3020insC in U373-shNOD2 did not lead to 
restricted HCMV replication (Fig. 7D). 

N0D2 activates the NF-kB and the IFN pathway in HCMV- 
infected HFFs 

Levels of NF-kB and phosphorylated forms of IRF3 were 
measured by western blot in cytoplasmic and nuclear extracts of 
HFF-shNOD2 cells and control HFF-GIPZ cells at 24 hpi. 
Compared to the control HFF-GIPZ cells, in which HCMV 
infection resulted in NF-kB localization to the nucleus, in the 
HFF-shNOD2 cells NF-kB remained in the cytoplasm (Fig. 7). 
Similarly, IRF3 was not activated in HFF-shNOD2 cells. While a 
phosphorylated form of IRF3 was observed in the nuclei extracted 
from HCMV-infected HFF-GIPZ cells, tiie level of nuclear IRF3 
in HCMV-infected shNOD2 and its phosphorylated form were 
significantiy decreased. These results suggest NOD2 serves as a 
central hub, activating both the NF-kB pathway and the IFN 
pathway following its induction in HCMV-infected cells. 

Discussion 

We report for the first time that NOD2 is induced by HCMV 
and plays a significant role in restricting its replication. Infection of 
HFFs and U373 glioma cells with laboratory-adapted strains and a 
chnical isolate of HCMV resulted in a significant induction of 
NOD2 as early as 2 h after virus infection, required an intact viral 
genome and persisted throughout a full replication cycle. HSVI 
and HSV2 did not induce NOD2 expression in infected HFFs. 
Overexpression of NOD2 resulted in decreased HCMV replica- 
tion and enhanced antiviral and pro-inflammatory cytokine 
responses. NOD2 silencing (or transfection with the NOD2 
mutant 3020insC) resulted in enhanced HCMV replication and 
decreased IFN-P levels. Reintroducing NOD2 into KD cells 
resulted in restriction of virus replication. Taken together, NOD2 
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Figure 5. Knockdown of NOD2 results in enhanced HCMV replication in HFFs. A. HFF stably expressing control lentiviral vector (HFF-GIPZ) 
or a lentiviral vector expressing short-hairpin RNA (shRNA) against N0D2 (HFF-shN0D2) were infected with HCMV at M0I = 1, and levels of N0D2 
mRNA were measured using qRT-PCR at 72 hpi. B. Cell-free supernatants were collected at 96 hpi from HCMV-infected HFF-GIPZ or HFF-shN0D2 cells 
and used to infect fresh HFFs (second cycle). Luciferase activity was measured at 72 hpi. C. Cell-free supernatants were collected at 3 dpi from HCMV- 
infected HFF-GIPZ (control) and HFF-shN0D2 cells and used to perform a yield reduction assay in fresh HFFs. D, E. Levels of IFN-p and IL8 mRNA were 
measured in cell lysates collected at 72 h from non-infected and HCMV-infected HFF-GIPZ and HFF-shN0D2 cells using qRT-PCR. The data shown are 
the average of three experiments ± SD (♦p<0.05, ♦*p<0.01, ***p<0.001, one-way ANOVA test). 
doi:1 0.1 371 /journal.pone.0092704.g005 



plays a role in recognizmg HCMV and restricting its replication. 
Although prior large scale transcriptomics studies did not report 
on NOD2 induction in HCMV-infected HFFs, RIPK2, a critical 
kinase downstream of NOD2 was significantly induced at 24 hpi 
[39]. 



Induction of NLRs result in activation of several signaling 
pathways: 1) The classic pathway is the NF-kB. Upon activation, 
NOD 1/2 recruit RIPK2 [17] which promotes the K63-linked 
polyubiquitylation of the regulator NEMO/IKKy and activation 
of the kinase transforming growth factor- fi-activated kinase 1 
(TAKl), which are prerequisites for the activation of the IKK 
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Figure 6. Rescue of NOD2 expression in KD cells restores the restriction of HCMV replication. A, B, C. U373 cells were transfected with 
pcDNA4/HislVlax, pcDNA4/HislVlax-hNOD2 or pcDNA4/HisMax-hNOD2 3020insC and infected with HCMV after 24 h. Virus replication (by luciferase 
activity), N0D2 expression (by western blot) and expression of cytokines (by qRT-PCR) were measured. D. U373-GIPZ or U373-shNOD2 cells were 
transfected with control plasmid pcDNA4/HislVlax (pcDNA4), pcDNA4/HisMax-NOD2 (pcDNA4-NOD2), or pcDNA/HisMax-N0D2 3020insC (N0D2 
3020insC) followed by HCMV infection 24 h later. HCIVIV replication was determined using luciferase assay. Quantitative data represent mean values 
(±SD) of triplicate determinations from two independent experiments (*p<0.05, **p<0.01, ***p<0.001, one-way ANOVA test). 
doi:1 0.1 371 /journal.pone.0092704.g006 
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Figure 7. NOD2 KD results in decreased activation of the NF-kB 
and IFN pathways. N0D2 KD HFFs (HFF-shN0D2) and control HFFs 
(HFF-GIPZ) were infected with HCMV Towne and expression of NF-kB 
(p65) and IRF3 was measured in cytoplasmic and nuclear extracts at 24 
hpi. Representative data from three independent experiments are 
shown. 
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complex. IKK activation results in degradation of the NF-kB 
inhibitor IkEm and the translocation of NF-kB to the nucleus, 
where transcription of NF-KB-dependent target genes occurs. 
RIPK2 is critical for NODI- and NOD2-mediated NF-rB 
activation because NODI and NOD2 signaling is abolished in 
RIPK2-deficient cells [41]. In addition to the activation of the 
NF-kB pathway, NOD2 stimulation results in activation of the 
MAPKs p38, ERK andJNK [42]. 2) Alternative pathways which 
may or may not require RIPK2 include the induction of type I 
IFN and autophagy [24,43^5]. Inhibition of HCMV replication 
appears to involve its downstream kinase, RIPK2, because 
overexpression of RIPK2 resulted in decreased HCMV replica- 
tion. Given our fmdings of changes in IFN-fi levels as a result of 
NOD2 KD or overexpression, it is possible that RIPK2 -induction 
by NOD2 activates both the classical and alternative pathways in 
HCMV-infected cells. HCMV infection was reported to activate 
IRF3, a process that required STING, an endoplasmic reticulum- 
resident protein involved in DNA sensing [14]. In the case of 
Helicobacter pylori, RIPK2 induction by NODI, activated IKKs 
and IRF7, followed by the synthesis of type I IFN and signaling of 
the later through IFN-stimulated gene factor 3 (ISGF3) [24]. 
Mycobacterium tuberculosis activated NOD2- RIPK2, which 
stimulated the activity of IRF5 and induced transcription of 
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IFNa/p [43]. NOD2 activation in HCMV-infected cells appears 
to induce NF-kB and IFN signaling pathways at least in part 
through RIPK2. Taken together, NOD 2 may act as a central 
PRR, but the downstream signaling pathways are pathogen- 
determined and governed by specific virus and cellular compo- 
nents. Additional studies will determine more specifically the 
downstream signsding pathways activated by NOD2 in HCMV- 
infected cells as well as potential interaction between NOD2 and 
TLR2 

Episodes of HCMV colitis have been reported in patients with 
inflammatory' bowel disease (IBD), both ulcerative colitis and 
Crohn's disease [46-48] and were thought to result from virus 
reactivation in patients receiving immunosuppressive therapy. The 
fact that NOD2 is a susceptibility gene for Crohn's disease 
triggered our study for its potential role in HCMV recognition 
[20]. Since our results show that NOD2 mutation (3020insC) 
results in enhanced HCMV replication, it is possible that NOD2, a 
susceptibility gene for Crohns's disease, may influence susceptibil- 
ity to HCMV infection. Although not tested here, based on our 
data, we suggest that HCMV colitis in patients with Crohn's 
disease could represent a specific outcome of virus-host interaction 
in a subset of patients that carry mutations in the NOD2 gene. 
Additional studies using epithelial cells and clinical material will be 
required to prove our hypothesis. Although NLRs have been 
traditionally thought to sense bacterial pathogens, our data suggest 
a wider role for NOD 2 in sensing viruses including persistent DNA 
viruses such as HCMV. In vivo studies are needed to confirm these 
findings and to elucidate the role of HCMV in the intestinal 
microbiome, for which NOD2 is a key regulator linking it to 
mucosal immunity [49]. 

Supporting Information 

Figure SI HSVl and HSV2 do not induce NOD2 mRNA 
expression. A, B. HFFs were infected with HSVl KOS/Dlux/ 
oris (MOI = 1) or a chnical isolate of HSV2 (MOI = 0. 1) and levels 
of NODI were determined by qRT-PCR at indicated time points. 

References 

1. Staras SA, DoUard SC, Radford KW, Flamdcre WD, Pass RF, et al. (2006) 
Seroprevalence of cytomegalovirus infection in the United States, 198&-1994. 
Clin Infect Dis 43; 1143-1151. 

2. Kenneson A, Cannon MJ (2007) Review and meta-analysis of the epidemiology 
of congenital cytomegalovirus (GMX') infection. Rev Med Virol 17: 253—276. 

3. Yow MD, Demmler (ij (1992) (?.ongenital cytomegalovirus disease — 20 years is 
long enough. N Engl J Med 326: 702-70,3. ' 

4. Griffiths PD, Clark DA, Emery VC (2000) Betaherpesviruses in transplant 
recipients. J Antimicrob Chemother 45 Suppl T3; 29—34. 

5. Cooke OS, Hill AV (200 1) Genetics of susceptibility to human infectious disease. 
Nat Rev Genet 2: 967-977. 

6. Hill AV (2001) The genomics and genetics of human infectious disease 
susceptibility. Armu Rev Genomics Hum Genet 2: 373-400. 

7. Molvig J, Back L, Christensen P, Manogue KR, Vlassara H, et al. (1988) 
Endotoxin-stimulated human monocyte secretion of interleukin 1, tumour 
necrosis factor alpha, and prostaglandin E2 shows stable interindividual 
differences. ScandJ Immunol 27: 705-716. 

8. Westendorp RG, Langermans JA, Huizinga TW, Elouali AH, Verweij CL, et al. 
(1997) Genetic inlluenee on cytokine production and fatal meningococcal 
disease. Lancet 349: 170-173. 

9. C'asanova JL, Abel L, CXiintana-Murei L (201 1) Human TLRs and IL-lRs in 
host defense: natural insights from evolutionary, epidemiological, and clinical 
genetics. Annu Rev Immunol 29: 447—491. 

10. Compton T, Kurt-Jones EA, Boehme KW, Belko J, Latz E, et al. (2003) Human 
cytomegalovirus activates inflammatory cytokine responses via CD 14 and Toll- 
like receptor 2. J Virol 77: 4588-4596. 

11. Boehme KW, Guerrero M, Compton T (2006) Human cytomegalovirus 
envelope glycoproteins B and H are necessary for TLR2 activation in permissive 
cells. J Immunol 177: 7094-7102. 

12. Kijpktayarit S, Eid AJ, Brown RA, Paya CV, Razonable RR (2007) 
Relationship between Toll-like receptor 2 polymorphism and cytomegalovirus 
disease after liver transplantation. Clin Infect Dis 44: 1315-1320. 



NOD2 levels were undetected in HSVl- and HSV2-infected cells. 
Quantitative data represent mean values (±SD) of triplicate 
determinations from two independent experiments. 
(TIF) 

Figure S2 Knockdovm of NOD2 results in enhanced 
HCMV replication in U373 cells. A. U373 cells stably 
expressing control lentiviral vector (U373-GIPZ) or a lentiviral 
vector expressing short-hairpin RNA (shRNA) against NOD2 
(U373-shNOD2) were infected with HCMV at MOI= 1, and 
levels of NOD2 mRNA were measured using qRT-PCR at 72hpi. 
B. Luciferase activity in cell lysates (measured at 96 hpi), virus 
DNA replication in supernatants (quantified at 96 hpi) and viral 
DNA replication (quantified at 48 hpi) were determined in cells 
from 5A. C, D. IFN-fi and IL8 transcripts were measured in non- 
infected and HCMV- infected U373-GIPZ and U373-shNOD2 
cells using qRT-PCR at 72 hpi. The data shown are the average of 
three experiments ± SD (*p<0.05, ''"''p<0.01, ''"'°''p<0.001, one- 
way ANOVA test). 
(TIF) 

Aclcnowledgments 

Wc arc thanklul to the following investigators for providing reagents for 
this work: Dr. Michael Davey (Oregon Health and Science University) - 
human RIPK2 (pcDNA4/HisMax-hRIPK2), human NOD2 (pcDNA4/ 
Hismax-hNOD2) and pcDNA4/HisMax, Dr. Jurgen Harder (University 
Hospital Schleswig-Holstein, Campus Kiel, Germany) - NOD2 wild type, 
NOD2 3020insC and control plasmid pefB/V5, Dr. Atsushi Kitani 
(NIAID/NIH) - pMACS Kk hNOD2 HA(C) vector encoding fuU length 
human NOD2, Dr. David A. Leib (Dartmouth Medical School) - HSVl 
KOS/Dlux/oriS. We thank Dr. John Nicholas (fohns Hopkins University 
School of Medicine) for helpful discussions of the manuscript. 

Author Contributions 

Conceived and designed the experiments: AK MF RAB. Performed the 
experiments: AK MF. Analyzed the data: AK MF RAB. Wrote the paper: 
RAB AK. 



13. Paludan SR, Bowie AG, Horan KA, Fitzgerald KA (2011) Recognition of 
herpesviruses by the iimate immune system. Nat Rev Immunol 11: 143-154. 

14. DeFilippis VR, Alvarado D, Sali T, Rothenburg S, Fruh K (2010) Human 
cytomegalovirus induces the interferon response via the DNA sensor ZBPl. 
J Virol 84: 585-598. 

15. Gariano GR, DeU'Oste V, Bronzini M, Gatti D, Luganini A, et al. (2012) The 
intracellular DNA sensor It'll 6 gene acts as restriction factor for human 
cytomegalovirus replication. PLoS Pathog 8: el 002498. 

16. Kuenzel S, I'ill A, Winkler M, Hasler R, Lipmski S, et al. (2010) The nucleotide- 
binding oligomerization domain-like receptor NLRC5 is involved in IFN- 
dcpcndent antiviral immune responses. J Immunol 184: 1990—2000. 

1 7. Kanneganti TD, Lamkanfi M, Nunez G (2007) Intracellular NOD-like receptors 
in host defense and disease. Inmiunity 27: 549-559. 

18. Shaw MH, Reimer T, Kim YG, Nunez G (2008) NOD-like receptors (NLRs): 
bona fide intracellular microbial sensors. Curr Opin Immunol 20: 377-382. 

19. Shaw MH, Kamada N, Warner N, Kim YG, Nunez G (2011) The ever- 
expanding function of NOD2: autophagy, viral recognition, and T cell 
activation. Trends Immunol 32: 73—79. 

20. Ogura Y, Bonen DK, Inohara N, Nicolac DL, Chen FF, et al. (2001) A 
frameshift mutation in NOD2 associated with susceptibility to Crohn's disease. 
Nature 411: 603-606. 

21. KobayashiKS, Chamaillard M, Ogura Y, Henegariu O, Inohara N, et al. (2005) 
Nod2-dependent regulation of innate and adaptive immunity in the intestinal 
tract. Science 307: 731-734. 

22. Hysi P, Kabesch M, Moflatt MF, Schedel M, Carr D, et al. (2005) NODI 
variation, immunoglobulin E and asthma. Hum Mol Genet 14: 935-941. 

23. VialaJ, Chaput C, Boneca IG, Cardona A, Girardin SE, et al. (2004) Nodi 
responds to peptidoglycan delivered by the Helicobacter pylori cag pathogenicity 
island. Nat Immunol 5: 1166-1174. 

24. Watanalie T, Asano N, Fichtner-Feigl S, Gorelick PL, Tsuji Y, et al. (2010) 
NODI contributes to mouse host defense against Hehcobacter pylori via 



PLOS ONE I www.plosone.org 



12 



March 2014 | Volume 9 | Issue 3 | e92704 



CMV Recognition by N0D2 



induction of tynpc I IFN and activation of the ISGF3 signaling pathway. J Clin 
Invest 120: 1645-1662. 

25. Watanabc T, Asano N, Kitani A, Fuss IJ, Chiba T, et al. (2011) Activation of 
type 1 IFN signaling by NODI mediates mucosal host defense against 
Helicobacter pylori infection. Gut Microbes 2: 61-65. 

26. Deshmukh HS, Hamburger JB, Ahn SH, McCafferty DO, Yang SR, et al. 
(2009) Critical role of NOD2 in regulating' the immune response to 
Staphylococcus aureus. Inlecl Immun 77: 1376 1382. 

27. Shimada K, Chen S, Demp.scy PW, Sorrentino R, Alsabeh R, et al. (2009) The 
N()D/R1P2 pathway is essential for host defenses against Chlamydophila 
pneumoniae lung infection. PLoS Pathog 5: cl000379. 

28. Opitz B, Puschel A, Schmeck B, Hocke AC, Rosseau S, et al. (2004) Nucleotide- 
binding oligomerization domain proteins are innate immune receptors for 
internalized Streptococcus pneumoniae. J Biol Chem 279: 36426—36432. 

29. Sabhah A. Chang TH, Harnack R, Frohlich V, Tominaga K. cl al. (2009) 
Acti\'ation of innate immune antiviral responses by Nod2. Nat Immunol 10: 
1073-lOaO. 

30. Lupfcr C, Thomas PC, Anand PK, Vogel P, Milasta S, et al. (2013) Receptor 
interacting protein kinase 2-mcdiatcd mitophag\' regulates inflammasome 
activation during virus infection. Nat Immunol 14: 480-488. 

31. Xu Y, Ahn JH, Cheng M, apRhys CM, Chiou CJ, et al. (2001) Proteasome- 
independent disruption of PML oncogenic domains (PODs), but not covalent 
modification by SUMO-1, is required for human cytomegalovirus immediate- 
early protein lEl to inhibit PML-mediated transcriptional repression. J Virol 75: 
10683-10695. 

32. He R, Sandford C, Hayward (iS, Burns WH, Posner GH, et al. (2011) 
Recombinant Luciferasc-Expressing Human Cytomegalovirus (CMV) for 
evaluation of CMV inhibitors. Virol J 8: 40. 

33. Child SJ, Jarrahian S, Harper VM, Geballe AP (2002) Complementation of 
vaccinia virus lacking the double-stranded RNA-binding protein gene E3L by 
human cytomegalovirus. J Virol 76; 4912^918. 

34. Kapoor A, He R, Venkatadri R, Forman M, Arav-Boger R (2013) Wnt 
modulating agents inhibit human cytomegalovirus replication. Antimicrob 
Agents Chemother 57: 2761-2767. 

35. Tiscornia Ci, Singer C), Ikawa M, Verma IM (2003) A general method for gene 
knockdown in mice by using lentiviral vectors expressing small interfering RNA. 
Proc Nati Acad Sci U S A 100: 1844-1848. 

36. Tanaka Y, Kanda Y, Kami M, Mori S, Hamaki T, et al. (2002) Monitoring 
cytomegalovirus infection by Eintigenemia assay and two distinct plasma real- 
time PGR methods after hematopoietic stem cell transplantation. Bone Marrow 
Transplant 30: 315-319. 



37. Rosner M, Hengstschlager M (2008) Cytoplasmic and nuclear distribution of the 
protein complexes ml ORCl and mTORC2: rapamycin triggers dephosphor- 
ylation and delocahzation of the mTORC2 components rictor and sinl. Hum 
Mol Genet 17: 2934-2948. 

38. Girardin SE, Boneca IG, VialaJ, Chamaillard M, Labigne A, et al. (2003) Nod2 
is a general sensor of peptidoglycan through muramyl dipeptide (MDP) 
detection. J Biol Chem 278: 8869 -8872. 

39. Browne EP, Wing 15. Cnirman 1). Shrnk T (2001) .Mtered cellular mRXA lr\ rls 
in human cylomrgalo\ inis-ini'ccted fibroblasts: viral block to the accumulation 
of antiviral mRNAs. J Virol 75: 12319-12330. 

40. Hugot JP, Chamaillard M, ZouaU H, Lesagc S, Cezard JP, ct al. (2001) 
Association of NOD2 leucine-rich repeat variants with susceptibility to Crohn's 
disease. Nature 411: 599-603. 

41. Kobayashi K, Inohara N, Hernandez ED, Galan JE, Nunez G, et al. (2002) 
RICK/Rip2/CARX)IAK mediates signalling for receptors of the innate and 
adaptive immune systems. Nature 416: 194-199. 

42. Hsu YM, Zhang Y, You Y, Wang D, Ei H, et al. (2007) 'Fhe adaptor protein 
CARD9 is rcfiuired for innate immune responses to intracellular pathogens. Nat 
Immunol 8: 198-205. 

43. Pandey AK, Yang Y, Jiang Z, Fortune SM, Coulombc F, et al. (2009) NOD2, 
RIP2 and IRF5 play a critical role in the type I interferon response to 
Mycobacterium tuberculosis. PLoS Pathog 5: elOOOSOO. 

44. Homer CR, Richmond AL, Rebert NA, Achkar JP, McDonald C (2010) 
ATG16L1 and NOD2 interact in an autophagy-dependent antibacterial 
pathway implicated in Crohn's disease pathogenesis. Gastroenterolo^g)' 139: 
1630-41, 1641. 

45. Travassos EH, Carnciro LA, Girardin S, PhUpott DJ (2010) Nod proteins Unk 
bacterial sensing and autophagy. Autophagy 6: 409^1 1. 

46. Rahbar A, Bostrom E, Lagerstedt U, Magnusson I, Soderberg-Naucler C, et al. 
(2003) Evidence of active cytomeg£dovirus infection and increased production of 
IE-6 in tissue specimens obtained from patients with inflammatory bowel 
diseases. Inflamm Bowel Dis 9: 154-161. 

47. KimJJ, Simpson N, Klipfel N, Debose R, Barr N, et al. (2010) Cytomegalovirus 
infection in patients with active inflammatory bowel disease. Dig Dis Sci 55: 
1059-1065. 

48. Matsuoka K, Iwao Y, Mori T, Sakuraba A, Yajima T, et al. (2007) 
Cytomegalovirus is frequenfly reactivated and disappears without antiviral 
agents in ulcerative colitis patients. Am J Gastroenterol 102: 331-337. 

49. Borm ME, van Bodegraven AA, Mulder GJ, Kraal G, Bouma G (2008) The 
effect of NOD2 activation on TLR2-mediated cytokine responses is dependent 
on activation dose and NOD2 genotype. Genes Immun 9: 274—278. 



PLOS ONE I www.plosone.org 



13 



March 2014 | Volume 9 | Issue 3 | e92704 



